Formation of Ag-Au nanoalloy and self-organization of Ag nanoparticles into nanostructured wires under UV irradiation were reported in this work. This phenomenon was observed only in the presence of chloroauric acid. On the basis of the analysis of transmission electron microscope images and energydispersive X-ray spectroscopy, formation mechanism of nanostructured wires as well as of Ag-Au nanoalloy were proposed. The role of UV illumination and the presence of chloride ions were discussed. The UV-Vis spectra confirm that the synthesized material has one absorption band at 530 nm, which was related to the presence of Ag-Au nanoalloy. Moreover, the Ag-AgCl nanocomposite, in which Ag NPs are located on the edges of AgCl cubes, was successfully synthesized by the modified method.
Introduction
Everyday use materials that show signs of self-organization certainly include all kinds of polymeric materials, cosmetic products (soaps), decorative and impregnating products (paints). It is the self-organization of individual mers, lipids or colloids into mesophase series that determines their final properties. In biology, we also know a number of examples of the use of self-organization to create viruses, membranes or cellular fibers. The concept of self-organization can be translated as the interdependent organization of molecules in the superstructure. Selforganization can take place in a static way, where a system in the state of equilibrium does not dissipate energy-the created structure is stable after the synthesis process. The second way of self-organization is dynamic, during which the system dissipates energy. The self-organization of materials is a result of changes in orientation and position of molecules in the system as a result of Brown's movements. The formation of bonds between molecules is weak and is accompanied by frequent breaks and their recreation [1] . The created structures in the process of self-organization can be easily replaced by others due to the change of external factors of the system (e.g., external electric field, magnetic field, pH or temperature) [2] [3] [4] . The self-organization was observed for different nanostructures such as gold nanorods, chiral CdTe NPs, Fe 3 O 4 , Co NPs, PbSe NPs and Co@CoO [5, 6] . The process of self-organization of nanostructures can be divided into two steps: synthesis of NPs-best with the same geometry (anisotropy properties of NPs) and usage of agent that allows self-organization to occur [5] . It should be noted that the manipulation of external factors during self-organization processes may influence the geometry, crystallinity or chemical composition of nanoparticles.
Of all the metallic particles that are the subject of scientific research, silver is the one that attracts the greatest interest. It is certainly related to the application possibilities of nanosilver (e.g., catalysis, sensors, medicine, cosmetics or SERS). It was previously reported that the silver nanoparticles (Ag NPs) can form superstructures under self-organization [7, 8] . However, according to our knowledge, this is the first work in which the self-organization of Ag NPs into nanostructured Ag wires and Ag-Au nanoalloy under synthesis using UV irradiation was described. This phenomenon was observed only in the presence of chloroauric acid. Moreover, the Ag-AgCl nanocomposite, in which Ag NPs are located on the edges of AgCl cubes, was successfully synthesized by the modified method.
Materials and methods

Synthesis of nanoparticles
Three-step method synthesis of Ag-Au nanoalloy (Ag-Au NA) was proposed in this study. In the first step, pure Ag NPs were synthesized by the UV irradiation method [9] . For this purpose, 40 ml of 0.1 M AgNO 3 was mixed with 40 ml of 0.9 mM chloramine T. Afterward, UV irradiation (365 nm) was performed by 10 min. The changes of solution color from colorless to orange were observed. In the second step, 8 ml of 1 mM HAuCl 4 was added into the solution. Formation of precipitant was observed; therefore, sonication by 30 s was applied to obtain stable dispersion. Afterward, UV irradiation was performed one more time by 5 min. Prepared sample (marked as Ag-Au NA) was collected by centrifugation, washed two times by DI water, ethanol and acetone. Pure Ag NPs were synthesized by the same method without steps two and three. Moreover, to confirm the formation mechanism and the role of Clions, two other samples were synthesized. First of all, pure Ag NPs were synthesized by the UV-irradiation method, and therefore 0.5 ml of 10 mM NaCl was added. The sample was marked as Ag-AgCl. The second sample was synthesized by UV irradiation of Ag-AgCl by 5 min and marked as Ag-Ag NPs. The samples were collected also by centrifugation, washed two times by DI water, ethanol and acetone.
Materials characterization
Selected area electron diffraction (SAED) patterns, scanning (STEM) and transmission electron microscopy (TEM) images as well as energy-dispersive X-ray (EDX) spectra were collected using Transmission Electron Microscope S/TEM TITAN 80-300. Samples were prepared by redispersion and sonication of synthesized nanoparticles in ultrapure ethanol. Few drops of the dispersions were next placed on the copper TEM grids with lacey carbon films. The four different samples were prepared. The first one was a sample containing only Ag NPs-precursor, marked as pure Ag NPs; the second one mixture of nanostructures synthesized by three-step method containing Ag-Au NA and Ag nanostructured wires, the third one the Ag-AgCl nanostructure obtained by addition of NaCl into as-synthesized Ag NPs (precursor) and the last one Ag-Ag NPs-sample prepared by photoreduction of Ag-AgCl. The images were recorded in bright field-dark field (BF-DF) and high-angle annular dark field (HAADF) STEM mode. Analysis of SAED patterns was performed using ringGUI tool (CrystBox software, version 1.10 (build 0066) [10, 11] ). The optical properties were determined for water dispersions on the basis of analysis of UV-Vis spectra recorded using Thermo Scientific Evolution 220 spectrophotometer. Figure 1 shows the morphology and structure of pure Ag NPs and Ag-Au NA. The small, sphericalshaped, agglomerated Ag NPs were synthesized by the UV irradiation method ( Fig. 1a-c) . The average size of them calculated based on the TEM images was equal to 29.3 nm. After addition of HAuCl 4 and additional UV irradiation process, two different nanostructures were synthesized. First of all, Ag wires formed (Fig. 1d ). The formation of silver wires under synthesis of Ag NPs is well known and described in the literature [12] . Generally, the formation of Ag wires is associated with the growth of silver seeds (such as multiple-twinned particles) in controlled reaction conditions. The length of the synthesized wires can be higher than few micrometers and their diameters change from 154 up to 260 nm. Interestingly, analysis of TEM images (Fig. 1e, f ) allowed to confirm that these wires are composed of Ag NPs with average diameter equal to 54 nm; therefore, this new structure can be treated as silver nanostructured wires unlike silver nanowires, which are generally composed of single crystal or multiple-twinned crystal [12] . In addition to the nanostructured wires, the areas rich in nanoparticles were also observed in the synthesized sample. The structure and morphology of these nanoparticles are presented in Fig. 1g -i.
Results and discussion
It can be stated that these nanoparticles can be associated with the presence of different nanostructures such as Ag NPs, Au NPs, core-shell Ag@Au NPs or Ag-Au nanoalloy. According to that, chemical analysis was performed for synthesized mixture of nanostructures. The EDX spectrum collected from region rich in nanoparticles confirms the presence of silver and gold ( Fig. 2a) . Moreover, the 2D EDX maps presented in Fig. 2b confirm that both Ag and Au are evenly distributed throughout the analysis area. This can be associated with the formation of Ag-Au nanoalloy under UV irradiation. From the other side, the chemical analysis of nanostructured wires clearly confirms that this nanostructure is composed of pure silver nanoparticles without the existence of silver chloride (Fig. 2c ). This is associated with reduction of Ag ? under UV irradiation and formation of pure Ag NPs [9] . The structure of these wires was additionally confirmed by analysis of SAED pattern (Fig. 2d ). The characteristic for polycrystalline materials rings were observed and assigned to crystalline silver. Additionally, in Fig. 2e , f is shown SAED pattern of pure Ag NPs and pattern recorded for Ag-Au nanoalloy, respectively.
In order to understand the formation mechanism of Ag nanostructured wires and Ag-Au nanoalloy, the analysis of Ag-AgCl and Ag-Ag nanoparticles was performed. First of all, it was stated, that the formation of silver wires can be associated with the presence of AgCl layer on the surface of pure Ag NPs. This shell can be formed after the addition of HAuCl 4 . This mechanism can be associated with the formation of wires composed from Ag@AgCl, which reduce to the pure silver under second irradiation. Therefore, analysis of the sample synthesized by the usage of NaCl instead of HAuCl 4 was performed. In Fig. 3a is shown the BF-DF STEM image of Ag-AgCl. As can be seen, two different particles, small with spherical and large with cubic shape, can be observed. In Fig. 3b , the presented HAADF STEM image clearly confirms that the small nanoparticles are the Ag NPs (synthesized in the first reaction step), whereas cubic particles with crystallized AgCl. Interestingly, the edges of AgCl are decorated by ultrafine Ag NPs. The absence of wires confirms that their formation is not associated only with the presence of Clions. However, the cubic skeleton is shown in Fig. 3c , and therefore, the hypothesis that the wires are formed under second UV irradiation was proposed. To confirm that, the sample marked as Ag-Ag NPs was synthesized. As can be seen in Fig. 3c, d , decomposition of AgCl into Ag NPs occured, and the hollow cubic particles formed instead of nanostructured wires [13] .
According to that, it was confirmed that the formation of Ag nanostructured wires is associated with presence not only Clions, but with presence of HAuCl 4 . This can be associated with the existence of H ? ions in the solution. The schematic representation of the synthesis of Ag NPs, Ag-Au NA, Ag-AgCl nanostructure was presented in Fig. 4 . It can be concluded that the addition of HAuCl 4 results in the formation of AgCl, which self-organize in an acidic environment to form nanostructured Ag wires after UV irradiation. The Au 3? ions can be reduced both by the UV light and by the highly reactive surface of Ag NPs to form metallic gold. The combination of these two processes results in crystallization of Ag-Au NA.
The optical properties of synthesized Ag NPs and mixture of Ag-Au NA with Ag nanostructured wires synthesized by the UV irradiation method were determined based on the UV-Vis spectra (Fig. 5 ). It can be noticed that the pure Ag NPs synthesized only by the UV irradiation method has an orange color, whereas the Ag-Au nanocomposite violet color. Two SPR bands at 394 nm and 490 nm were observed in the spectrum of Ag NPs. The position of absorption band for Ag NPs is associated with their shape and size [14] . On the basis of analysis of TEM images (Fig. 1a-c) , it was concluded that no other nanostructures except spherical silver nanoparticles were synthesized in the first reaction step. Therefore, first absorption band can be related to the presence of ultrafine (around 7 nm) spherical-shaped Ag NPs, whereas the second band at 490 nm with larger Ag NPs. On the spectrum of Ag-Au nanocomposite, only one SPR band at 530 nm can be observed. This absorption band is associated with Ag-Au NA; therefore, Ag NPs are optically inactive, which can be associated with their self-organization into nanostructured long wires [15, 16] .
Conclusions
In this study are presented structure and formation mechanism of different nanostructures, such as Ag NPs, Ag-Au NA, nanostructured Ag wires and Ag-AgCl nanostructure. All of the listed materials were synthesized by eco-friendly, low cost, simple and short reaction reduction of Ag ? and Au 3? ions by UV light. The role of Clions in the synthesis of the different structures was described in detail. The selforganization of Ag NPs into nanostructured Ag wires was described, and the mechanism of this process was proposed. The formation of Ag-Au nanoalloy was related to the redox reaction between the surface of Ag NPs and Au 3? ions followed by the reduction of these Ag ? ions by additional UV irradiation process. Moreover, synthesis of the nanostructure, in which cubic-shaped AgCl nanoparticles are decorated by ultrafine silver nanoparticles, was also introduced. The self-organization of Ag NPs was related to the introduction of Clions in the dispersion of pure Ag NPs in water in acidic condition and removing of AgCl and reduction of Ag ? and Au ? ions was associated with UV irradiation.
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